VOLUME 15 | NUMBER 2 | FEBRUARY 2012 nature neurOSCIenCe a r t I C l e S Retinal ganglion cell (RGC) projections to the brain form stereotypic maps for eye of origin and retinotopic location, making them an ideal model system to study the development and plasticity of precisely patterned neural circuits 1,2 . The initial formation of these visual circuits is thought to be guided by molecular cues 3 , whereas the refinement and maintenance 4-6 of these connections seems to be activity dependent 7 . Substantial evidence supports a general role for activity-dependent binocular competition in retinofugal map development. For instance, a relative increase in activity in one eye leads to the expansion of that eye's target territory in the dorsal lateral geniculate nucleus (dLGN) 8, 9 , indicating that the more active eye makes and further strengthens more target synapses when it is at a competitive advantage.
a r t I C l e S Retinal ganglion cell (RGC) projections to the brain form stereotypic maps for eye of origin and retinotopic location, making them an ideal model system to study the development and plasticity of precisely patterned neural circuits 1, 2 . The initial formation of these visual circuits is thought to be guided by molecular cues 3 , whereas the refinement and maintenance [4] [5] [6] of these connections seems to be activity dependent 7 . Substantial evidence supports a general role for activity-dependent binocular competition in retinofugal map development. For instance, a relative increase in activity in one eye leads to the expansion of that eye's target territory in the dorsal lateral geniculate nucleus (dLGN) 8, 9 , indicating that the more active eye makes and further strengthens more target synapses when it is at a competitive advantage.
Hebbian synaptic learning rules that may mediate the activitydependent development of visual maps have been observed in a variety of retinofugal systems, including spike-timing dependent plasticity at retinotectal synapses in tadpoles in vivo 10 and burst timing-dependent plasticity at retinogeniculate 11 and retinocollicular 12 synapses in rodents in vitro. These observations suggest that synaptic connections are functionally strengthened when cells are synchronously active and weakened when cells are asynchronously active over time windows that are distinct in different model systems 13 .
It has long been postulated that the timing of spontaneous wave-like activity in RGCs 14 is critical for the establishment and maintenance of eye-specific segregation through a Hebb-based synaptic learning rule 11, 13 before the onset of vision. The short duration of retinal waves relative to the interval between waves is thought to asynchronously activate the two eyes, resulting in the refinement of eye-specific domains 15 . Evidence for this timing model for binocular competition is limited, with the only direct experimental support coming from classic cat experiments in which artificially asynchronous stimulation of the optic nerves produced neurons that responded predominantly to only one eye, whereas stimulation of the optic tract, which synchronously activates RGC afferents from both eyes, caused most cells in visual cortex to become functionally binocular 16 . Similarly, alternating monocular occlusion in cats results in reduced cortical binocularity and disrupted depth discrimination 17 . However, these experiments were restricted to a physiological analysis of binocularity in the cortex and manipulated RGC activity after the onset of normal visual experience, when eye segregation in the dLGN and visual cortex has already emerged 2, 18 . Because it has been difficult to precisely manipulate neonatal RGC activity in mammals in vivo, the role of timing in the initial development of visual maps remains unexplored.
We chronically manipulated retinal activity in mice before the onset of vision over a range of time scales in vivo by expressing the lightgated cation channel Channelrhodopsin-2 (ChR2) 19 directly in RGCs using transgenic and viral transfection methods 20, 21 . Light-driven activation of ChR2-expressing RGCs triggered precisely timed postsynaptic calcium signals in the superior colliculus, demonstrating that optogenetic techniques can reliably drive neuronal response even early in visual development. When the two eyes were synchronously stimulated, we found that the initial emergence of eye-specific domains was disrupted, whereas asynchronous stimulation improved segregation. After eye-specific domains were already established in the superior colliculus and dLGN, asynchronous stimulation had no effect, but synchronous stimulation caused domains to desegregate. The disruptive effect of optogenetic stimulation on eye segregation waned as the time difference between stimulation of the eyes increased beyond 100 ms, which suggests a sub-second time window for binocular competition. Of note, when synchronous stimulation disrupted eye-specific a r t I C l e S segregation, retinotopy was also markedly perturbed, but only for ipsilateral RGCs. Both synchronous and asynchronous stimulation slightly improved the retinotopy of contralateral axons. Finally, all of these effects were limited to a critical period in development that ends around the time of eye opening. These results demonstrate the importance of precise temporal synchrony of binocular RGC activity in the anatomical development and maintenance of visual maps.
RESULTS

Precise control of RGC neuronal activity
RGCs in mice younger than postnatal day (P) 10 do not respond to light through the conventional rod-or cone-driven pathway 22 . Intrinsically photosensitive RGCs (ipRGCs) have a slow and sluggish response to light from birth, but they constitute only a small fraction of RGCs 23 . To exogenously and precisely manipulate retinal activity in neonatal mice, we first used a Tg(Thy1-COP4/EYFP)18Gfng (Thy1-ChR2) transgenic mouse line that has RGC-specific expression of ChR2 and yellow fluorescent protein 21, 24 . ChR2 in these mice is expressed in a heterogeneous population of RGCs distributed uniformly across the entire retina 24 starting at around P8 ( Fig. 1a) . ChR2-eYFP-expressing RGCs constituted 25.4 ± 3.5% of all the brn3b-positive RGCs at P9 (n = 8). As brn3b labels ~80% of all RGCs 25 , ~20% of RGCs expressed ChR2-eYFP in Thy1-ChR2 mice at P9. In vitro whole cell recording showed that YFP-positive RGCs showed sustained spiking activity in response to 470-nm light stimuli with a range of intensities above 0.1625 mW mm −2 (Fig. 1b) . Multielectrode array recordings revealed that spike rates were similar for 1-s and 200-ms stimuli (6.4 ± 0.2 Hz for 1 s (n = 70 cells) and 4.7 ± 0.3 Hz for 200 ms (n = 57 cells) at 0.51 mW mm −2 ; Fig. 1c,d) , which indicates that the number of lighttriggered spikes was roughly proportional to the duration of the stimuli. The fraction of all spontaneously active RGCs that were light responsive was also similar across a wide range of stimulus durations (68.6 ± 5.5%, 55.8 ± 1.4% and 74.4 ± 7.4% for 1-s, 200-ms and 5-ms stimuli, respectively; Fig. 1d ). The light-driven activity was not dependent on synaptic input ( Supplementary Fig. 1a ), confirming it came directly from ChR2-expressing RGCs. We occasionally observed tonic firing that lasted much longer than the duration of the stimuli (Supplementary Fig. 1b) ; these events were probably responses from ipRGCs 23, 26 and were excluded from the analysis. Finally, multiunit recordings showed that the 470-nm light stimuli applied outside the eye could drive neuronal response in the superior colliculus in vivo with high temporal precision ( Fig. 1e,f) . These results confirmed that optogenetic techniques can be used to manipulate RGC activity before the onset of normal vision in mice in vivo.
Even though young mice do not respond to light through conventional retinal pathways, synaptic connections between RGCs and neurons in the superior colliculus exist at birth and mature throughout the first two postnatal weeks 12 . In Thy1-ChR2 mice, we examined the spatial and temporal response of neurons in the superior colliculus to optogenetic activation of RGCs using light-triggered calcium signals from superior colliculus neurons labeled with the calcium indicator Oregon Green BAPTA-1-AM. (OGB1-AM) in vivo at P9-P10 ( Fig. 2a,b ). Synchronous stimulation of both eyes (1 s duration) triggered calcium signals in both hemispheres of the superior colliculus simultaneously ( Fig. 2c,d) . About 30% of the regions of interest (ROIs) showed a 40 µm 500 µm npg a r t I C l e S synchronous increase in fluorescence in response to the synchronous stimulation ( Fig. 2e) . Response was observed in only the contralateral superior colliculus when one eye was stimulated, whereas synchronous stimulation of both eyes activated both hemispheres simultaneously ( Fig. 2f) . The average response frequency for all the ROIs in the contralateral superior colliculus was significantly different from that in ipsilateral superior colliculus (P = 2 × 10 −16 , Fig. 2g ) but was similar to the response when both eyes were synchronously stimulated (P = 0.11, Fig. 2g ). The minimal ipsilateral response was presumably due to the caudal location of the imaging field; projections from the ipsilateral eye are limited to rostral colliculus, which is obscured by the cortex at this age. These data demonstrate that stimulation of RGCs and the activation of neurons in the superior colliculus can be independently manipulated in each eye using optogenetic strategies in Thy1-ChR2 mice in vivo early in development.
Timing of binocular activity affects segregation RGC axons in mice normally form eye-specific domains in both the superior colliculus and dLGN 27 . At birth, axons from the two eyes are intermingled 27 , but axons from the contralateral eye come to occupy exclusively the stratum griseum superficiale (SGS) of the superior colliculus, whereas ipsilateral axons form domains slightly deeper to the SGS, in the stratum opticum 27, 28 . This eye-specific segregation was complete by P9 and remained unchanged thereafter (P = 0.998; Fig. 3 ). To examine whether binocular activity affected the maintenance of segregation, we activated RGCs from the two eyes synchronously or asynchronously starting at P9 in Thy1-ChR2 mice on a 12-h cycle for 2-3 d. Precisely synchronous optical stimulation (0.1 Hz, 2.5 s stimuli) caused ipsilateral axons to form multiple aberrant clusters that overlapped with contralateral axons in the SGS (P = 0.000077; Fig. 3a,b and Supplementary Fig. 2a ). Thus, synchronous activation of both eyes caused a desegregation of RGC afferents that were previously segregated. However, asynchronous stimulation (0.1-Hz, 2.5-s stimuli with 5 s asynchrony between two eyes) had no effect on eye-specific segregation (P = 0.43; Fig. 3b ), unlike synchronous stimulation (P = 0.0011; Fig. 3b ). To further examine whether the effect of synchronous stimulation on eyespecific segregation was directly related to the temporal overlap of RGC activity, we applied synchronous stimuli of varying durations (1 s, 2 s and 2.5 s) at 0.2 Hz. The disruption in eye-specific segregation increased with the duration that stimuli overlapped between the two eyes (one-way analysis of variance (ANOVA), F = 8.87, where F 0.05 = 3.25; P < 0.0001; Fig. 3c ). These results show that the maintenance of eye-specific segregation is specifically sensitive to the relative timing and overlap of activity between the two eyes, with synchronous stimulation disrupting eye-specific segregation, whereas asynchronous stimulation, which has the same overall level of activity, had no effect on segregation.
Notably, synchronous stimulation starting at P14 had no effect on eye segregation (P = 0.999; Fig. 3b ), demonstrating a critical period for eye-specific segregation in the superior colliculus that ends around the time of eye opening. Chronic stimulation of one eye starting at P9 disrupted eye-specific segregation in the ipsilateral superior colliculus (P = 0.030; Fig. 3b ), which demonstrates that eye-specific segregation is sensitive to both the overall level and the relative timing of retinal activity, and is similar to the effect of monocular cyclic AMP injection, which elevates RGC activity in the treated eye and expands dLGN domains from the active eye 9 . Eye segregation in synchronously stimulated wildtype C57 mice was unaffected (P = 0.96; Fig. 3b ), confirming that the segregation phenotype observed in synchronous stimulated Thy1-ChR2 mice was due to the light-triggered activity in ChR2 expressing RGCs.
Timing differences up to 100 ms disturbs segregation
The functional development of retinotectal synapses in Xenopus laevis is sensitive to millisecond timing differences in afferent activity 10 , and alternating monocular occlusion for durations of 500 ms or longer in cats disrupts the development of functional binocularity in visual cortex 17 . However, the temporal precision of binocular competition in shaping the development of eye-specific segregation is unexplored. In RGCs of Thy1-ChR2 mice examined in vitro, single spikes were triggered by 5-ms optical stimuli ( Fig. 1d) . Using trains of these short light pulses (five consecutive 5-ms light pulses with intervals of 400 ms every 5 s; Fig. 4a ), we examined the temporal precision of binocular competition.
The latencies of single spikes to the stimuli were small and consistent at the light intensity used under in vivo conditions (8.8 ± 1.6 ms; Fig. 4b ).
Precisely synchronous stimulus bursts (time difference 0 s) delivered to each eye disrupted segregation (P = 0.016; Fig. 4a ,c) in a manner similar to that observed using synchronous stimuli of long duration ( Fig. 3) .
To our surprise, stimulus bursts with only 200 ms offset between each 5-ms stimulus delivered to each eye had no effect on eye-specific Synchronous but not asynchronous stimulation of both eyes disrupts eye-specific segregation in the superior colliculus. (a) Parasagittal sections through the superior colliculus (SC). Both eyes of Thy1-ChR2 mice were stimulated on a 12-h stimulation, 12-h feeding cycle for 2-3 d starting at P9. Ipsilateral axons (red arrow) normally terminate in clusters in the rostral SC just inferior to the contralateral layer (SGS, dotted lines). Synchronous stimulation (middle column) caused axons from the ipsilateral eye (grayscale signal) to form abnormal clusters in the contralateral (SGS) layer; asynchronous stimulation (right column) did not affect eye segregation in comparison to unstimulated controls (left column). (b) Quantification of stimulation and control experiments by measuring the fraction of the contralateral (SGS) layer occupied by ipsilateral pixels. P9 (n = 3), results from unmanipulated Thy1-ChR2 mice. Ctrl (n = 5), Thy1-ChR2 mice that were manipulated daily the same as experimental mice but were not optically stimulated; async (n = 8) and sync (n = 6), asynchronously and synchronously stimulated Thy1-ChR2 mice respectively; one eye stim (n = 2), Thy1-ChR2 mice with the ipsilateral eye only stimulated; WT sync, synchronously stimulated wild-type mice lacking ChR2 (n = 5); P14 ctrl (n = 4), Thy1-ChR2 mice manipulated daily the same as P14 sync mice but not optically stimulated; P14 sync (n = 3), Thy1-ChR2 mice synchronously stimulated starting at P14. Fig. 4a,c) . As the temporal difference between each eye's stimulus decreased from 100 ms to 20 ms, eye-specific segregation became progressively more disturbed (P = 0.17 for 100 ms, P = 0.018 for 50 ms and P = 0.012 for 20 ms in comparison to unstimulated control; one-way ANOVA, F = 4.366, where F 0.05 = 3.06; P < 0.01; Fig. 4a,c ) and the number of ipsilateral axon clusters mislocalized in the contralateral SGS increased accordingly (Fig. 4d) . This suggests that binocular competition driving eye-specific segregation depends on timing differences in RGC activity between the two eyes of about 100 ms. This is shorter than the second-long timing difference predicted on the basis of the dynamics of spontaneous retinal waves 11, 29 but much longer than the 5-10 ms time window observed at retinotectal synapses in frogs 10 .
Early asynchronous stimulation improves segregation
In Thy1-ChR2 mice, synchronous stimulation of the two eyes disrupted eye-specific segregation during the second week after birth (Fig. 3) . However, segregation of retinofugal projections in mice emerges in the first week after birth (Supplementary Fig. 3) , when ChR2 expression is still weak in Thy1-ChR2 mice. To overcome this limitation and examine the role of RGC activity timing and binocular competition in the initial development of eye-specific segregation, we injected AAV(adeno-associated virus)-DIO(double-lox-flanked, inverted open reading frame)-ChR2-mCherry virus into the ventral-temporal (binocular) retina of retina-specific cre (Rax-cre) transgenic mice at P0-P1 and began optical stimulation at around P5. At this age, eye segregation is just emerging (Supplementary Fig. 3) , but ChR2 expression was robust (Fig. 5a) , and RGC response to optical stimulation was similar to that in Thy1-ChR2 mice at P9 (average firing rate, 4.4 ± 0.6 Hz (n = 34 cells); light-responsive channels as a fraction of all active channels, 44.9 ± 4.5% (n = 6); Fig. 5b) .
Synchronous stimulation (0.2 Hz, 1.5 s) of both eyes between P5 and P7 disrupted eye-specific segregation (P = 0.000025; Fig. 5c ), as it did in the second week after birth in Thy1-ChR2 mice. However, unlike in similar experiments conducted in the second week, asynchronous stimulation (0.2 Hz, 1.5 s, 2.5 s difference between two eyes) between P5 and P7 improved eye-specific segregation in comparison to that in unstimulated control mice (P = 0.015, Fig. 5c ), suggesting that the extra asynchronous activity produced by optogenetic stimulation actually improves eye-specific segregation. These results argue strongly that the relative timing of ongoing activity in the two eyes mediates both the initial segregation and the maintenance of eye-specific retinofugal projections in mice during the first 2 weeks after birth.
Asynchronous stimulation rescues segregation in Chrnb2 −/− mice Mice lacking the β2 subunit of nicotinic acetylcholine receptors (Chrnb2 −/− ) have abnormal first-week cholinergic retinal waves and disrupted eye-specific segregation in both the superior colliculus and LGN 28, 30, 31 . Eye-specific segregation partially recovers in Chrnb2 −/− mice during the second week after birth through the activity of glutamatergic retinal waves 30, 31 . We crossed Thy1-ChR2 mice to Chrnb2 −/− mice (generating progeny we will call ChR2;Chrnb2 −/− and ChR2;Chrnb2 +/− ) to further examine the role of asynchronous retinal activity on eye-specific segregation.
Synchronous stimulation starting at P9 in ChR2;Chrnb2 −/− mice further degraded eye-specific segregation ( Fig. 6a ; P = 0.00026), as a r t I C l e S in Thy1-ChR2 (Fig. 2b) and ChR2;Chrnb2 +/− mice ( Fig. 6b ; P = 0.0076). However, asynchronous stimulation of ChR2;Chrnb2 −/− mice actually improved segregation in comparison to unstimulated ChR2;Chrnb2 −/− controls (P = 0.0029; Fig. 6a ), unlike in Thy1-ChR2 (Fig. 2b) and ChR2;Chrnb2 +/− mice ( Fig. 6b ; P = 0.99), where asynchronous stimulation had no effect on segregation. In Chrnb2 −/− mice, therefore, asynchronous stimulation markedly improved eye segregation, whereas the modest segregation that does exist in Chrnb2 −/− mice was worsened by synchronously stimulating the two eyes. In summary, synchronous stimulation during the first 2 weeks after birth disrupted eye-specific segregation regardless of the initial segregation status; asynchronous stimulation improved immature or deficient segregation but did not affect segregation that was already established.
Synchronous stimulation disrupts segregation in the dLGN
The effects of optogenetically induced binocular activity on eye-specific segregation in the dLGN were similar to but smaller than those observed in the superior colliculus ( Fig. 7a,b) . In comparison to unstimulated controls, synchronous binocular stimulation starting at P9 in Thy1-ChR2 mice increased the overlap between ipsilateral and contralateral eye afferents in the dLGN (P = 0.042; Fig. 7a ), as well as the fraction of the dLGN covered by ipsilateral projections (P = 0.012; Fig. 7a ). The fraction of the dLGN covered by contralateral projections did not change (0.901 ± 0.013 for control, 0.879 ± 0.021 for synchronous and 0.871 ± 0.018 for asynchronous; P > 0.05 for all comparisons).
In ChR2;Chrnb2 −/− mice, synchronous stimulation also increased the fraction of the dLGN covered by ipsilateral RGC afferents (P = 0.0066; Fig. 7b ) and seemed to cause a similar increase in the overlap between ipsilateral and contralateral projections, but this latter difference did not reach statistical significance (P = 0.088; Fig. 7b ). The fraction of the dLGN covered by contralateral projections in optogenetically stimulated ChR2;Chrnb2 −/− mice did not change (0.873 ± 0.008 for control, 0.851 ± 0.011 for synchronous and 0.879 ± 0.006 for asynchronous; P > 0.05 for all comparisons). In summary, synchronous optogenetic stimulation had similar but smaller effects on eye-specific segregation in the dLGN as in the superior colliculus, causing expansion of the ipsilateral eye projection without significant effects on the contralateral eye projection.
Effects of optogenetic stimulation on retinotopy
In addition to molecular cues, we and others have argued that the spatiotemporal pattern of spontaneous retinal waves is important in the development of both eye-specific segregation and the refinement of retinotopy 7, 9, 32, 33 . This argument hinges on the spatially restricted nature of propagating retinal waves, in which the activity of neighboring RGCs is much more correlated than distant RGCs, providing an instructive signal for retinotopic refinement. We tested this hypothesis by examining the effect of optogenetic stimulation on retinotopic refinement. The optical stimulus we applied is spatially uniform, producing synchronous firing across the entire array of ChR2-expressing RGCs (Figs. 1d and 2c) . For this analysis, we first examined the position of ipsilateral axon clusters in the superior colliculus of optogenetically stimulated and control unstimulated Thy1-ChR2 mice (Fig. 8a) . Ipsilateral axons from the ventral-temporal retina projecting to the contralateral SGS were often mislocalized in mice that were synchronously stimulated, with many axon clusters abnormally terminating in the caudal superior colliculus, which normally contains projections from dorsal-nasal retina (Fig. 8a) . Unstimulated and asynchronously stimulated mice retained only their appropriate anatomical projections to the rostral portion of the stratum opticum of the superior colliculus just below the SGS (Fig. 8a) . This confirms that uniform retinal stimulation can markedly disrupt retinotopy, but the effect was limited to ipsilateral axons that mis-segregated in the contralateral SGS.
Contrary to our expectations, optogenetic stimulation in Thy1-ChR2 mice caused dorsal RGCs, which project only to the contralateral superior colliculus, to form smaller rather than larger target zones in the superior colliculus than in unstimulated Thy1-ChR2 control mice (P = 0.031; Fig. 8) , regardless of whether the two eyes were stimulated synchronously or asynchronously Figure 6 Synchronous stimulation disrupts and asynchronous stimulation improves eye-specific segregation in ChR2;Chrnb2 −/− mice. (a) Eye segregation for synchronously stimulated ChR2;Chrnb2 −/− mice (sync, n = 5) is worse than in Chrnb2 −/− controls (ctrl, n = 4). Asynchronous stimulation in ChR2;Chrnb2 −/− (async, n = 3) substantially improved eye segregation in comparison to Chrnb2 −/− controls. (b) As expected, synchronous (sync, n = 6) and asynchronous (async, n = 4) light stimulation had a similar effect in ChR2;Chrnb2 +/− mice as in Thy1-ChR2 mice (Fig. 3b ) (ChR2;Chrnb2 +/− control, n = 3). NS, not significant (P > 0.05), **P < 0.005, ***P < 0.001. SC, superior colliculus. Error bars represent s.e.m. a r t I C l e S (P = 0.24; data not shown). These smaller target zones suggest greater retinotopic refinement of RGC projections to the superior colliculus. RGCs from the ventral-temporal retina, which project bilaterally in mice, also seemed to have slightly smaller target zones in the contralateral superior colliculus after stimulation relative to unstimulated Thy1-ChR2 control mice, but the trend was not statistically significant (P = 0.093; Fig. 8c,d) . In ChR2;Chrnb2 −/− mice, which have large and unrefined target zones to begin with, both dorsal and ventral-temporal RGCs also formed much smaller target zones in stimulated mice than in unstimulated ChR2;Chrnb2 −/− control mice (dorsal P = 0.037; ventral-temporal P = 0.00026; Fig. 8e-g) , regardless of whether the two eyes were stimulated synchronously or asynchronously (dorsal P = 0.14, ventral-temporal P = 0.13, data not shown). These results demonstrate that uniform retinal stimulation during development can markedly disrupt retinotopy, but these retinotopic effects were limited to ipsilateral axons that were mis-segregated in the SGS. In contrast, the effect of uniform retinal stimulation on retinotopy of contralateral axons was more modest, and retinotopy was improved both for asynchronously and synchronously stimulated retinas, perhaps owing to the increased retinal activity provided by exogenous optogenetic stimulation.
DISCUSSION
Rhythmic spontaneous activity exists in many developing neural circuits, including the cochlea 34 , cortex 35 , cerebellum 36 and spinal cord 37 . Perhaps nowhere else in the nervous system has this spontaneous activity been examined more closely than the developing visual system 7 , 
Thy1-ChR2
ChR2;Chrnb2 Figure 7 Synchronous stimulation disrupts eye segregation in the dLGN. (a,b) Synchronous (sync) stimulation caused an increase in the overlap (white, bottom row) between ipsilateral (red) and contralateral (green) axons in both Thy1-ChR2 (a) and ChR2;Chrnb2 −/− (b) mice. Asynchronous (async) stimulation did not affect eye segregation. n = 5 for Thy1-ChR2 unstimulated control (ctrl), n = 3 for Thy1-ChR2 sync, n = 4 for Thy1-ChR2 async; n = 4 for ChR2;Chrnb2 −/− ctrl, n = 3 for ChR2;Chrnb2 −/− sync, n = 4 for ChR2;Chrnb2 −/− async. *P < 0.05, **P < 0.005. Error bars represent s.e.m. npg a r t I C l e S which continues to serve as a touchstone for understanding the role of neuronal activity in the formation and functional organization of neural circuits throughout the brain. By optogenetically manipulating the temporal pattern of retinal afferent activity in both eyes in vivo, we have now demonstrated that the level and precise timing of binocular activity markedly influence the development of neural circuits even before the onset of vision. Neural circuit development may be generally sensitive to the timing of spontaneous neural activity, particularly in bilateral sensory systems 37 .
The noteworthy contrast in the effects of synchronous and asynchronous stimulation on eye-specific segregation, despite these paradigms differing only in the relative timing of the stimulus presented to the two eyes, directly implicates a Hebb-based activity-dependent competitive process in the initial emergence of eye-specific segregation. Previous similar attempts to examine the role of timing in visual map development were restricted to a physiological analysis that manipulated RGC timing (and activity levels) after maps had already formed 2, 16, 18 . Here we have shown that the initial development of eye-specific domains is enhanced or degraded on the basis solely of the relative timing of binocular activity, which directly demonstrates that visual map development is sensitive to a mechanism that compares the temporal pattern of ongoing activity in the two eyes.
Temporal features of RGC activity that promote segregation
In the developing visual system of fish and frogs, millisecond timing differences in RGC afferent activity produces spike-timing dependent plasticity at retinotectal synapses that reliably alters the receptive field properties of neurons in the optic tectum 10, 38 . These lower vertebrates lack spontaneous activity in the developing retina but are visually responsive as soon as RGC axons reach the tectum; indeed, they rely on vision to locate food and evade predators long before their visual systems are mature 39 . In contrast, in vitro studies of synaptic learning rules at retinofugal synapses 11, 12 and analysis of the spatiotemporal properties of retinal waves 14, 29 suggest that the relevant time scale for activity-dependent development of visual maps in mammals is on the order of seconds, rather than milliseconds. By manipulating the temporal pattern of RGC activity and determining the effect on eye-specific segregation, we were able to directly examine the temporal rules that govern eye-specific segregation in vivo. These experiments showed that the disruption caused by synchronous stimulation on eye-specific segregation is proportional to the overlap in activity between the eyes, but stimuli that were separated by as much as 100 ms still impaired segregation. Moreover, synchronous single 5-ms pulses at 0.2 Hz had no effect on eye-specific segregation, but bursts of synchronous 5-ms pulses at the same frequency disrupted segregation (Supplementary Fig. 4 ). This suggests that bursting of RGCs on a ~100-ms time scale, rather than the timing of individual spikes, instructs the development of visual maps in mammals 12, 29, 40 and is consistent with the features of retinal waves recorded in vitro 14, 29 . Spike timing-dependent plasticity is thought to be regulated by the dynamics of Ca 2+ influx through NMDA receptors and further modulated by slower biochemical processes within the cell 41 . The burst timing-dependent plasticity described here is probably mediated by similar mechanisms, as the ~100 ms time scale is consistent with neuronal membrane and receptor kinetics, but is likely too short to be directly mediated by biochemical processes. The temporal pattern of spontaneous RGC activity may also be informative for other aspects of visual system development. During the second week after birth, ON and OFF RGCs in the same eye have precisely timed asynchronous spontaneous activity that is thought to refine connections of functionally distinct (ON/OFF) circuits in mice 40 . In the ferret, exogenous synchronous optic nerve stimulation of one eye disrupts the development of orientation selectivity in the visual cortex 42 . It is possible that spatiotemporal patterns of spontaneous RGC activity were acquired over evolutionary development to harness the same cellular and synaptic mechanisms that mediate map development through visual experience in lower vertebrates and experiencedependent visual system plasticity later in life in mammals.
Critical-period plasticity affects ipsilateral projections
Stimulus induced plasticity of eye-specific projections during a critical period in development has not previously been reported in the superior colliculus, but similar effects are well known in the dLGN and visual cortex 7 . Interfering with ongoing spontaneous retinal waves also induces the desegregation of retinal afferents to the dLGN [4] [5] [6] [7] 43 . We observed that ipsilateral axons that mis-segregate into the contralateral superior colliculus owing to synchronous optogenetic stimulation form local, clustered misprojections. This is in clear contrast to the segregation phenotypes observed in Chrnb2 −/− mice and other retinal wave mutant mice, which have ipsilateral axon arbors that are diffusely spread across the SGS 28, 31, 44 . One explanation for this difference is the sparseness of ChR2-expressing RGCs in our optogenetic manipulation. The available evidence suggests that a heterogeneous population of RGCs express ChR2 in our manipulation 24 , so it is also possible that the optogenetic stimulation impaired segregation only in distinct subclasses of these RGCs 45 , leading to local clusters of axon arbors in the wrong layer instead of diffuse misprojections from a large cohort of different RGC classes in Chrnb2 −/− mice. Alternatively, the cellular mechanism causing the diffuse segregation phenotype in Chrnb2 −/− mice may be distinct from that observed here, perhaps because it is sensitive mainly to the significantly reduced overall activity in these mutants.
Of note, optogenetic stimulation had no apparent effect on eye segregation of contralateral RGC projections (no overgrowth into the ipsilateral domain), regardless of whether the stimulus was synchronous or asynchronous between the eyes. Ipsilateral axons may be more susceptible to the effects of a binocular competitive process than contralateral axons 46 , possibly because of their molecularly distinct properties 47 or because their development is delayed relative to contralateral projections 48 . As a result, stimulus-dependent effects on contralateral axon segregation may be absent, be subtle or require more sustained periods of altered activity before they become apparent in our assays.
Eye segregation defects in the dLGN
Synchronous bilateral optogenetic stimulation produced eye segregation defects in the dLGN as well as in the superior colliculus, suggesting that the development of eye-specific segregation is governed by similar activity-dependent processes in the dLGN and superior colliculus. However, the effects of synchronous stimulation in the dLGN were smaller than in the superior colliculus, and asynchronous stimuli that improved eye segregation in the superior colliculus had limited effect in the dLGN. This may be related to intrinsic differences in the development and structure of RGC axon arbors in the dLGN and superior colliculus 44 . Another cause for this difference may be the sizable population of ipRGCs that respond to blue light 23 and project to the dLGN 26 . IpRGC projections to the superior colliculus are more sparse than to the dLGN 26 , and we did not observe ipRGC responses in the superior colliculus in electrophysiological and optical imaging experiments in vivo (data not shown), although we did occasionally encounter RGC responses in our multielectrode array recordings in vitro that were reminiscent of ipRGCs (Supplementary Fig. 1b ). In addition, no rodor cone-mediated signaling to RGCs is present in pups younger than P9 (ref. 22) , and eye-specific segregation for synchronously stimulated wild-type mice was normal (Fig. 3b) . This indicates that the activity in the superior colliculus triggered by optogenetic stimuli derived mainly from RGCs expressing ChR2, and ipRGCs did not have a large influence on the visual map phenotypes in the superior colliculus, but the sustained firing properties of ipRGCs may have weakened the effect of asynchronous stimuli on eye segregation in the dLGN.
RGC activity in retinotopic map refinement
Like eye-specific segregation, the development of retinotopic maps may be governed by both molecular factors and neuronal activity 30, 32 . In particular, the highly correlated firing of neighboring but not distant RGCs during spontaneous retinal waves is thought to drive retinotopic map refinement 7, 28 . Unlike retinal waves, the light stimulus we used was homogeneous and lacked spatial cues that could be used to encourage retinotopic refinement. Accordingly, we observed that optogenetic stimulation markedly perturbed retinotopy in mis-segregated, synchronously stimulated ipsilateral axons. Many of these ipsilateral axon arbors from ventral-temporal retina terminated in caudal portions of the superior colliculus that normally represent lateral or dorsal-lateral positions in the contralateral retina. A link between eye-specific segregation and retinotopy is consistent with recent reports of 'yoked' effects between segregation and retinotopy in mice with spatially restricted 'small' retinal waves 28 and in ferrets with disrupted ocular dominance columns due to early retinal activity blockade 49 . Unexpectedly, the retinotopy of ipsilateral axons in asynchronously stimulated mice was unperturbed, and optogenetic stimulation had no effect or even improved retinotopic refinement of contralateral axons, regardless of whether the stimulation was synchronous or asynchronous. These results imply that retinotopic refinement may be more sensitive to the presence and frequency of bursting RGC activity, rather than the spatial pattern of that activity. Alternatively, the sparse distribution of ChR2-expressing RGCs (only one in four RGCs express ChR2 on average in Thy1-ChR2 mice; Fig. 1a ) may produce a spatially inhomogeneous retinal response that is sufficient to drive retinotopic refinement despite the homogeneity of the optical stimulus. Future experiments that enable the synchronous activation of all RGCs (and not just a subset, as presented here) may verify whether correlated activity of neighboring RGCs affects the refinement of retinotopy.
In summary, our results demonstrate that the level and precise temporal pattern of binocular retinal activity regulates visual map development even before the onset of vision in mice. This is consistent with a Hebb-based synaptic plasticity rule that directly links the timing of activity between pre-and postsynaptic neurons with changes in neuronal and circuit morphology and function. Of course, our data do not exclude the possibility that an unknown molecular process regulated by the temporal pattern of binocular neuronal activity and independent of Hebb-based plasticity at the synapse drives visual map development. Whatever the case, the mechanism driving visual map development is sensitive to 100-ms timing differences in neuronal activity between the eyes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
